The quartz tuning fork ͑TF͒ is widely used as a force sensor in scanning probe microscopy ͑SPM͒, such as nearfield scanning optical microscopy, 1,2 atomic force microscopy ͑AFM͒, 3, 4 electrostatic force microscopy, 5 and magnetic force microscopy. 6 In particular, for biological and soft materials, the TF sensor is regarded as an alternative imaging probe due to its high stiffness and dynamic oscillation property: The large spring constant is essential for controlling the tip-sample distance stably in the range of 1 -10 nm. Moreover, in dynamic mode, the TF oscillates by an electrical drive without an additional actuator, which provides compactness and stability of the system. However, when the TF is used in liquid as a shear-force sensor or as a qPlus sensor, 7 the quality factor Q as well as the detection sensitivity are significantly deteriorated. On the other hand, the Q factor should be decreased for scanning in vacuum or at low temperature because high Q results in slow response in feedback control. 8, 9 Therefore, it is very crucial to control the Q factor properly, which is the main subject of the so-called Q control. 10 Despite its importance, the Q-control scheme has not been analytically treated in the TF-based AFM.
In this letter, we first make a general theoretical study by employing the TF's equivalent circuit model 11 in the dynamic-mode TF-based AFM, from which the comprehensive theory of Q control is obtained. Our results show that the Q value can be varied by adding a signal of proper phase lag with respect to the drive signal. In particular, we find that even a simple follower ͑inverter͒ ͑Ref. 12͒ without the external phase shifter is good enough to increase ͑decrease͒ the Q factor. Then, experimental realization of such results is demonstrated by controlling the Q factor as well as the decay time with respect to the gain and phase lag. The resultant enhanced sensitivity and the minimum detectable force are also estimated.
The TF device is generally analyzed by an electrical equivalent circuit which is consisted of a parallel circuit of a series LRC and a stray capacitance C 0 .
11 Figure 1 shows the Q-control schematic diagram of the self-oscillating TF-based AFM with a self-excitation gain. We can write down the equation of motion as follows:
I 2 = C 0 ͓V + GR 0 ͑İ 1 + İ 2 ͔͒, ͑2͒
where G is a complex gain with the effects of the phase shifter included, R 0 is the resistance of the I / V converter, and L, R, C, and C 0 are the intrinsic electrical properties of TF. With the substitution of I = A exp ͓i͑t + ͔͒ and V = V 0 exp ͓i͑t͔͒, we obtain the general solution of amplitude A and phase of I, 
͑6͒
In Eq. ͑6͒, C 0 ϳ 10 −3 and ͉Ḡ ͉ ϳ10 −4 for our setup, so that 0 Ј is only slightly altered. However, the change of QЈ is quite noticeable. From Eq. ͑5͒, a map showing the qualitative change of QЈ can be obtained ͑Fig. 2͒. It shows that the Q enhancement ͑Q reduction͒ is achieved by adding any phase lag in the range of 1 to 1 + ͑ 1 + to 1 +2͒ with respect to the drive signal. This means that one can use the simple follower ͑inverter͒ ͑Ref. 12͒ even without using the additional phase shifter to increase ͑decrease͒ the Q factor, which is the main advantage of the Q-control scheme of the TFbased AFM over the cantilever-based one, where the exact phase lag of / 2 has been implemented. 10 Moreover, theoretically, if a suitable ͉G͉ is obtained, QЈ can be enhanced or suppressed indefinitely. Figure 3͑a͒ presents the typical experimental resonance curves, where the enhanced Q of 9090 and reduced Q of 3333 are obtained at the phase lag of 17°and 197°, respectively. Note that even if the phase shifter is set to zero phase lag ͑i.e., =0͒, a residual phase difference of 17°, which is due to the electrical components in the gain part, is added to the output channel. In case of enhanced Q, we have observed that the resonance frequency shift is very small ͓Eq. ͑6͔͒ and the resonance curve is well fitted to the symmetric Lorentzian. For decreased Q, however, the shift is not so negligible and the Lorentzian is not a good approximation to the asymmetric response except near the resonance. Note that if one intends to symmetrize the asymmetric line shape, additional electronics such as a bridge circuit may be employed. 14 However, in order to achieve quantitatively the Q enhancement or Q reduction of TF, such a supplementary circuit is not required. Figure 3͑b͒ plots experimentally measured Q versus gain at the given intrinsic phase lags of 17°͑ᮀ͒ and 197°͑ ͒, in good agreement with the corresponding theoretical results. Experimentally, we could increase Q from the nominal value of 4.7ϫ 10 3 up to 5.0ϫ 10 4 and also decrease down to 1.8ϫ 10 3 in ambient condition, where R 0 =10 M⍀, ͉G͉ = 0.045, and = 17°for the Q-enhancement case, whereas ͉G͉ = 0.25 and = 197°for the Q-reduction case. Here ͉Ḡ ͉ = ͉G͉R 0 C 0 = ͉G͉͑R 0 I 0 ͒ / ͑QV 0 ͒ = ͉G͉͑0.413ϫ 10 −2 ͒, where Q = 4600, V 0 =4 mV rms , and R 0 I 0 =76 mV rms ͑I 0 and V 0 are the driving amplitudes͒. Note that there is negligible difference between the theoretical results for 0°and 17°͑ or between 180°and 197°͒, which indicates that the simple follower ͑inverter͒ can be employed even in the presence of its intrinsic undesirable small phase lag.
Q enhancement ͑reduction͒ is a practical means not only to obtain the narrow ͑broad͒ resonances but also to increase ͑decrease͒ the decay time which determines the bandwidth of the amplitude measurement, as given by =2Q / 0 . Experimental results of the closely related temporal behavior of decay time with respect to the gain are presented in Fig. 4͑a͒ . As can be observed, the decay time is increased ͑decreased͒ with the increase ͑decrease͒ of Q, which agrees well with the theoretical results ͓Fig. 4͑b͔͒. We also have found that there is no appreciable difference between the theoretical results for 0°and 17°͑or between 180°and 197°͒, as in the case of the Q factor. Note that, by controlling the decay time, the scanning bandwidth can be easily adjusted, which allows the AFM imaging to be performed conveniently in various conditions with an enhanced or reduced Q.
Let us now discuss the sensitivity of TF in terms of the flat power spectrum S F , which is given by 
which becomes 4.9ϫ 10 −14 N for 1 Hz bandwidth. In principle, with a suitable choice of ͉G͉, the Q factor can be enhanced greatly so that the minimum detectable force can be further decreased.
In conclusion, we have presented a quantitative analytical description, by employing the equivalent circuit model of TF, of the active response of the self-oscillating quartz-TFbased AFM, which implements a self-excitation gain. Q enhancement ͑Q reduction͒ is obtained at a phase lag in the range of 1 to 1 + ͑ 1 + to 1 +2͒. In particular, it turns out that the simple follower ͑inverter͒, instead of the phase shifter, can be employed to increase ͑decrease͒ the Q factor. With the active control of Q from 1.8ϫ 10 3 to 5.0ϫ 10 4 , the sensitivity of TF can be enhanced up to 4.9ϫ 10 −14 N/ ͱ Hz in ambient condition. Therefore, one can either perform a more sensitive force measurement by using the TF at a higher Q value, or obtain the higher-quality scanning images at low temperature or in vacuum by using a lower-Q TF. 9 This quantitative and active Q-control scheme of the quartz TF is expected to be especially useful for various SPM studies of soft matter, biological sample, and water meniscus. 16 This work was supported by the Korean Ministry of Science and Technology. 
